The GAL genes, which encode the enzymes required for normal galactose metabolism in yeast, are transcriptionally regulated by three proteins: Gal4p, an activator; Gal80p, an inhibitor; and Gal3p, a galactose sensor. These proteins control the switch between inert and active gene expression. The transcriptional activation function of Gal4p is rendered inactive in the presence of Gal80p. Here we present the three-dimensional structure of a complex between the acidic activation domain of Gal4p and Gal80p. The transactivation domain initiates with an extended region of polypeptide chain followed by two turns of an amphipathic ␣-helix. It fits into and across a deep cleft within the Gal80p dimer with the protein-protein interface defined primarily by hydrophobic interactions. A disordered loop in the apo-Gal80p structure (Asp-309 to Ser-316) becomes well-defined upon binding of the transactivation domain. This investigation provides a new molecular scaffold for understanding previous biochemical and genetic studies.
In yeast, the GAL genes encode the enzymes of the Leloir pathway, which are required for the conversion of galactose into a metabolically useful form, glucose 6-phosphate (1) . The regulation of these genes in response to the organism being challenged with galactose has served as a research paradigm for eukaryotic transcriptional control for over 50 years (1) (2) (3) (4) (5) . Three key protein components form the GAL regulatory switch: a transcriptional activator, Gal4p; a transcriptional inhibitor, Gal80p; and an inducer, Gal3p. When yeast cells are grown in the absence of galactose, the GAL genes are, for the most part, transcriptionally inert. Under these conditions, Gal4p is produced in the cell and is tethered upstream of the GAL genes (6), but its activity is inhibited by its interaction with Gal80p (7) . When galactose is available as a carbon source, the GAL genes are transcribed, both rapidly and to a high level (8) . Although the presence of galactose within the cell triggers the activation of Gal4p, neither Gal4p nor Gal80p function as the galactose sensor. Instead, Gal3p serves in this capacity by binding both galactose and ATP and adopting the conformation required for its interaction with Gal80p (1, 9) . The net result of this interaction is that Gal4p becomes active, and transcription of the GAL genes proceeds.
Gal4p is a large protein of 881 amino acids with the first ϳ100 residues functioning in DNA recognition and dimerization. The last C-terminal residues serve as an acidic transactivation domain (TAD) 3 that is required, ultimately, for the recruitment of RNA polymerase II to initiate transcription (10) . The amino acid residues comprising the TAD also provide the binding platform for Gal80p (11, 12) . Both Gal3p and Gal80p are smaller proteins containing ϳ520 and ϳ450 amino acids, respectively.
Until very recently, the only three-dimensional structural information available for any of these key regulatory components of the GAL genetic switch was that of an N-terminal 65-residue fragment of Gal4p bound to DNA (13) and the dimerization domain of the same protein (residues 50 -106) (14) . Through the efforts of our laboratories, however, we now have an excellent homology model for Gal3p based on the structure of the highly similar galactokinase enzyme Gal1p (15) . In addition, we have determined the three-dimensional structure of Gal80p from Kluyveromyces lactis to 2.1-Å resolution (16) . Strikingly, the overall architecture of Gal80p is similar to that of glucose-fructose oxidoreductase, an enzyme in the sorbitol-gluconate pathway (17) . From our combined biochemical and structural studies, we have shown that the K. lactis Gal80p is a dimer with an extensive subunit-subunit interface that buries a total surface area of ϳ4400 Å 2 . Each subunit of the dimeric protein adopts a twodomain architecture with the N-terminal motif containing a classical Rossmann fold and the C-terminal domain dominated by a nine-stranded mixed ␤-sheet. A pronounced cleft separates the two domains, and on the basis of past mutational studies (18, 19) , we postulated in our initial studies that this cleft represents the binding site for the Gal4p TAD. Additionally, in the initial structural analysis of the K. lactis Gal80p, two short loop regions (Asp-245 to Gly-248 and Asp-309 to Ser-316) and two larger regions (Gly-328 to Glu-362 and Leu-394 to Lys-413) were shown to be disordered (16) . One of these loops, Asp-309 to Ser-316, was situated near the proposed Gal4p binding site.
Here, we present the crystal structure of K. lactis Gal80p bound to a peptide that mimics the Gal4p TAD. This study provides a molecular model for understanding the biochemical characteristics of the GAL genetic switch, which, to date, is the best understood system for eukaryotic transcriptional control.
EXPERIMENTAL PROCEDURES
X-ray Structural Analysis-The K. lactis Gal80p was cloned, overexpressed, and purified according to previously published procedures (16) . The protein utilized for crystallization contained a His tag at the C terminus with the following sequence: LEHHHHHH. Crystals of Gal80p in complex with a 22-mer of the following sequence, TQQLFNTTTMDDVYNYIFDNDE, representing amino acids Thr-844 to Glu-865 of the K. lactis Gal4p TAD (See Fig. 1A) , were grown from 20 -25% (w/v) pentaerythritol propoxylate 5/4 and 100 mM MES (pH 6.5) via the hanging drop method of vapor diffusion. They belonged to the space group P2 1 with unit cell dimensions of a ϭ 101.1 Å, b ϭ 160.5 Å, c ϭ 132.6, ␤ ϭ 94.7 o and eight subunits (or four dimers) in the asymmetric unit. X-ray data from flashed-cooled crystals were collected at the Structural Biology Center Beamline 19-ID to 3.0-Å resolution (Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois). These data were processed and scaled with HKL2000 (20) . Relevant x-ray data collection statistics are presented in Table 1 .
The structure of the Gal4p TAD-Gal80p complex was solved by molecular replacement with the software package Phaser (21) and using the apo-Gal80p model as the search probe. The electron densities for the eight monomers in the asymmetric unit were averaged with the software package DM (22) . On the basis of this averaged map, a model for the complex was manually adjusted using Coot (23) . At this stage, the peptide was not built into the model, although there was clear electron density for it. The model constructed on the basis of this "averaged" electron density map was placed back into the asymmetric unit in all eight positions and refined with the program TNT (24) using NCS symmetry restraints. After refinement, the electron density map calculated with 2F o -F c coefficients was once again averaged, and in this averaged map, the position of the peptide was immediately obvious as was the ordering of the Asp-309/ Ser-316 loop. The peptide was then built into the "averaged" electron density. This model, now with bound peptide, was placed back into the eight equivalent positions in the asymmetric unit and manually adjusted with Coot. Subsequent NCS-restrained least-squares refinement of the Gal4p TADGal80p model resulted in an overall R-factor of 23.1% using all x-ray data from 30 to 3.0 Å resolution (R-free of 28.9%). Relevant refinement statistics are presented in Table 2 .
Ramachandran statistics for all eight subunits in the asymmetric unit indicate that 81.3% of the residues adopt , angles in the "most favored," 18.5% in the "additionally allowed," and FIGURE 1. The interaction of Gal80p with peptides representing the TAD of Gal4p. A, amino acid sequence alignment of the activation and Gal80p interaction domains of Gal4p from S. cerevisiae (top) and K. lactis (bottom). B, sequence and location of some of the peptides used in this study. C, ability of each peptide to inhibit the formation of the Gal4p-Gal80p complex was assayed using an electrophoretic mobility shift assay. The locations of the free DNA, the Gal4p-DNA complex, and the Gal80p-Gal4p-DNA complex are indicated. Peptides corresponding to the activation domain of KlGal4p (B) were added as shown, and the loss of the Gal80p-Gal4p-DNA and reappearance of the Gal4p-DNA complex indicated that the peptide was capable of interacting with Gal80p and preventing its association with the larger Gal4p derivative. 
, where F o is the observed structure-factor amplitude, and F c is the calculated structure-factor amplitude. b The torsional angles were not restrained during the refinement. 0.2% in the "generously allowed" regions. There was none in the disallowed region. The discussion of the TAD-binding pocket presented below refers to the model built on the basis of the averaged electron density map. Mobility Shift Assay-Reaction mixes (10 l) containing 20 mM HEPES pH 7.5, 150 mM NaCl, 10% w/v glycerol, 10 M ZnSO 4 , 5 mM MgSO 4 , 100 g/ml bovine serum albumin, 10 pM 32 P-labeled stranded oligonucleotide probe (5Ј-GATCCCGG-GAAGCGCTTCCCGAATT-3Ј; representing a single Gal4p-binding site), and the indicated proteins (Gal4p(1-93 ϩ 768 -881), 1.9 M; Gal4p(66 -93 ϩ 850 -881), 0.9 -8 M; Saccharomyces cerevisiae Gal80p, 1.3 M; K. lactis Gal80p, 1.7 M) were incubated for 30 min at room temperature and then subjected to electrophoresis through a pre-run 5% polyacrylamide gel containing 0.5ϫ TBE, 1% v/v glycerol for 90 min at 150 V. Gels were analyzed by autoradiography. Peptides were synthesized by Eurogentec (Liège, Belgium). Each was dissolved at a final concentration of 14 mg/ml and used in the mobility shift assays at final concentrations of 40 -400 M.
RESULTS AND DISCUSSION
To define a minimal peptide from the sequence of the K. lactis Gal4p that is capable of interacting with Gal80p and that might be useful in a structural analysis, we performed a series of electrophoretic mobility shift assays using labeled DNA encompassing a single Gal4p-binding site (Fig. 1) . The addition of Gal80p to the Gal4p-DNA complex resulted in the formation of a supershifted complex. The presence of this slower migrating complex could be inhibited by versions of Gal4p that were capable of interacting with Gal80p but did not possess a competent DNA binding domain, e.g. a fusion protein composed of amino acids 66 -93 ϩ 850 -881 of the S. cerevisiae Gal4p sequence (Fig. 1C, lanes 19 -21) . The ability of peptides to out-compete the Gal4p-Gal80p complex, resulting in a complex composed of DNA and Gal4p alone, was measured. Peptides ending at the C terminus of the K. lactis Gal4p and composed of 21 or more amino acids were found to be capable of interacting with Gal80p in this assay. Shorter peptides, e.g. a 16-mer encompassing residues Thr-850 to Glu-865, were found to be incapable of competitively displacing Gal80p from Gal4p (Fig. 1C, lanes 7-9) . We therefore attempted to crystallize Gal80p from K. lactis in the presence of either the 21-mer or the 22-mer peptide.
Suitably diffracting crystals were subsequently obtained with the 22-mer peptide. These crystals belonged to the space group P2 1 and contained eight subunits in the asymmetric unit. The complex structure was solved by molecular replacement and refined to a nominal resolution of 3.0 Å. Electron densities corresponding to the TAD peptides were visible in all eight subunits in the initial maps. To further improve the quality of the protein phases, the electron densities for the eight monomers were averaged with the software package DM (22) . Unbiased electron density corresponding to the TAD peptide as observed in this "averaged" electron density map is presented in Fig. 2A . Although a 22-mer was utilized in the crystallization trials, only 14 residues of the Gal4p TAD were visible. Given the shapes of the side chain densities as well as their surrounding chemical environments, the observed peptide corresponds to Leu-847 through Ile-860 of the KlGal4p sequence (Fig. 1A) . A surface representation of the Gal4p TAD-Gal80p complex is presented in Fig. 3A . Like that observed for the apo-Gal80p structure, the complex crystallizes as a tight dimer with overall dimensions of ϳ55 ϫ 75 ϫ 110 Å. The large mixed ␤-sheets found in the C-terminal domains of the Gal80p subunits provide extensive subunit-subunit interactions. The two Gal4p TAD peptides bind on the same side of the dimer with their N-terminal ends separated by ϳ24 Å and their C-terminal ends situated ϳ55 Å apart.
As displayed in Fig. 3B , the Gal4p peptide adopts a partial helical conformation that binds into, and across, the pronounced cleft that separates the N-and C-terminal domains of Gal80p. A total of 750 Å 2 of surface area for the peptide is buried upon binding to Gal80p, which represents ϳ40% of its total. The loop within Gal80p, formed by Asp-309 to Ser-316, that was previously unresolved (16) becomes ordered upon peptide binding, and the backbone density for Asp-245 to Gly-248 becomes better defined. With the exception of these two regions, however, the apo-and peptide-bound forms of the K. lactis Gal80p are exceedingly similar such that their ␣-carbons superimpose with an R.M.S.D. of ϳ1.2 Å.
A close-up stereo view of the Gal80p TAD binding site is presented in Fig. 2B . As can be seen, the side chain of Phe-848 resides in a hydrophobic patch formed by Val-319 and Val-368 and participates in a stacking interaction with the side chain of His-370. The backbone carbonyl group of Asn-849 appears to play a role in the ordering of the Asp-309/Ser-316 loop by interacting with the side chain of Asn-317. Additionally, the side chain of Thr-850 possibly interacts with the side chain of Asp-309, again helping to order the Asp-309/Ser-316 loop. There are hydrophobic interactions between Gal80p and the Gal4p TAD that most likely function in reducing the flexibility of the Asp- Gal80p has a similar molecular structure to that described for glucose-fructose oxidoreductase from Z. mobilis (17) . This enzyme contains a tightly bound NADP ϩ , which is required for the reduction of fructose to sorbitol with the concomitant oxidation of glucose to gluconolactone. Given that the K. lactis Gal80p has been shown to associate with dinucleotides, 4 we attempted to crystallize it in the presence of NADP ϩ , NADPH, NAD ϩ , or NADH, but have thus far been unsuccessful. Recently, however, the structure of Gal80p from S. cerevisiae was reported in complex with NAD ϩ and a 9-mer representing the TAD of S. cerevisiae Gal4p (25) .
Both the K. lactis and S. cerevisiae versions of Gal80p are dimers, and they share a high degree of structural homology (an R.M.S.D. of ϳ2.1 Å for 344 ␣-carbons per subunit) as would be expected from their amino acid sequence similarities (58% amino acid identity and 82% similarity over their entire length). Importantly, however, these two proteins appear to bind the Gal4p TADs in completely different orientations, which may be a function of NAD binding to the S. cerevisiae Gal80p (Fig. 4) . In the S. cerevisiae Gal4p TAD-NAD-Gal80p complex, the peptide reportedly interacts with the nicotinamide portion of the dinucleotide (25) , whereas in K. lactis Gal80p, the Gal4p peptide is situated away from the Rossmann fold. Additionally, in the K. lactis Gal80p, the Asp-309/Ser-316 loop moves toward where the cofactor is located in the S. cerevisiae Gal80p model with Glu-314 from the loop projecting near the nicotinamide ring (Fig. 4) . Interestingly, the equivalent Asp-309/Ser-316 loop in the S. cerevisiae Gal80p is still disordered even in the presence of the 9-mer. In the structural analysis of the S. cerevisiae Gal4p TAD-NAD-Gal80p complex, the side chain densities for the 9-mer were not well-defined. As such, it is not possible to highlight in this report the detailed differences in proteinprotein interactions observed between the S. cerevisiae and K. lactis Gal4p TAD-Gal80p complexes.
The Gal4p TAD is regarded as an archetypal example of an acidic transactivation domain. In addition, nine amino acids of the Gal4p TAD (corresponding to residues 862-870 of the S. cerevisiae Gal4p, DDVYNYLFD) have been identified as a common sequence motif defining the transactivation domain in a variety of proteins from yeast, animal, and viruses (26) . This sequence represents the last seven amino acids of the peptide in our structure (Asp-854 to Ile-860 of the K. lactis Gal4p TAD). It can thus be suggested that archetypal TADs adopt helical conformations in which the acidic side chains are predominantly located on one surface and the hydrophobic residues on another.
Acidic RNA pol II transactivation domains invariably contain a preponderance of both acidic and bulky hydrophobic amino acids (27) . In the absence of binding partners, TADs generally do not possess well-defined secondary structures. However, they have been observed to adopt secondary structure on interaction with other proteins, either proteins that inhibit their function or proteins that they interact with as part of the activation process (28, 29) . Previously, activation domain 1 (amino acids 15-29) of p53 was solved in the presence of the inhibitor MDM2 (28) and activation domain 2 of the same protein (amino acids 45-58) solved as a complex with a subunit of the general transcription factor TFIIH (30) . A comparison of the structures of these activation domains 4 Dr. Karin D. Breunig, personal communication. A, sequence and NMR structure of the p53 TAD. The structure of the peptide was determined in the presence of the Tfb1 subunit of TFIIH (structural data taken from PDB accession code 2GS0) (30) . Here, and in B and C, only the structure of the activation domain peptide is shown as a schematic model. In both the sequence and the structure, the acidic amino acids have been colored red and the large hydrophobic residues in blue. B, sequence and structure of activation domain 1 of p53 bound to the transcriptional inhibitor MDM2 (structural data taken from PDB accession code 1YCR) (28) . C, sequence and structure, as determined in this study, of the TAD of Gal4p. As in A, in both the sequence and the structure the acidic amino acids have been colored red and the large hydrophobic residues in blue.
with the Gal4p TAD is shown in Fig. 5 . Additional structural information is known for the E1A TAD in complex with Rb (31) and for the CREB activation domain bound to the KIX domain of CBP (32) . The predominant feature of each of these short TADs is an ␣-helix, which is approximately amphipathic. However, the length of the helix functioning as a TAD is different in each case, as is the extent of the amphipathic character.
Prior to the recent structural analyses of the Gal4p TADGal80p complexes from both K. lactis and S. cerevisiae, the C-terminal region of the S. cerevisiae Gal4p was extensively studied by mutagenic analysis (33) . Each residue within the Gal4p region between Met-855 and Asp-870 (Fig. 1A ) was mutated to a cysteine, and the effects of these changes were monitored both in terms of the ability of the protein to activate transcription and on the ability of the protein to interact with Gal80p. Most single point mutations within this region demonstrated little impact on the ability of Gal4p to activate transcription. However, specific point mutations within Gal4p (e.g. mutations at Phe-856, Thr-859, and Met-861) rendered the protein incapable of interacting with Gal80p (33) . These amino acids correspond to Phe-848, Thr-851, and Met-853 in the K. lactis Gal4p TAD sequence. As indicated previously, Phe-848 participates in a series of hydrophobic interactions with Gal80p residues Val-319, Val-368, and His-370. Replacement with a cysteine residue would create a substantial hole in this region. The side chain hydroxyl of Thr-851 is located near the backbone nitrogen of Asn-317 within Gal80p. Its replacement with a cysteine would result in the loss of a potential hydrogen bond that might be critically important in reducing the flexibility of the Asp-309/Ser-316 loop. Finally, Met-853 is deeply buried within the Gal80p cleft and surrounded by the side chains of Trp-185 and Phe-312. Again, the replacement of this residue with a cysteine would create a destabilizing hole in the binding cleft between the peptide and Gal80p.
Given that the K. lactis Gal80p reportedly binds dinucleotides, we modeled NAD into our complex structure, based on its location described by Kumar et al. (25) to examine what types of interactions might occur between the ligand and the Gal4p TAD (Fig. 6) . Notably, in the model the side chain of Trp-31 from the Rossmann fold domain forms a stacking interaction with both the peptide (Tyr-859) and the nicotinamide ring of the dinucleotide suggesting a possible route of communication between the two binding sites. Furthermore, it is possible that the unobserved residues at the C-terminal end of the peptide used for this study interact with the NAD in vivo or in the absence of NAD, fold into the dinucleotide binding cleft.
What is the purpose of dinucleotide binding to Gal80p? Kumar et al. (25) have clearly shown the presence of NAD within the structure of the S. cerevisiae Gal80p. They also demonstrate, however, that NAD has no effect on the formation of the Gal4p TAD-Gal80p complex using a pull-down assay. Instead, the presence of NADP has been suggested to be refractory to the formation of this complex. The K. lactis Gal80p has also been shown to associate with dinucleotides, but again it is uncertain as to the physiological role that the dinucleotide plays with respect to either the function of Gal80p or its complex with the Gal4p TAD. It is apparent, however, that Gal80p evolved from an oxidoreductase enzyme (16) . Whether Gal80p has simply retained the ability to interact with dinucleotides as part of this evolutionary process or rather dinucleotides play critical roles in the regulation of GAL gene expression is unclear at the present time. What is undeniable in the case of the K. lactis Gal80p, FIGURE 6 . The potential interaction between the K. lactis Gal80p, the K. lactis Gal4p activation peptide, and NAD. A, Gal80p monomer showing the location of the Gal4p peptide (slate) and the modeled NAD (green). B, close-up stereo view of the Gal80p region (white ribbon and gold bonds) surrounding the modeled NAD (green) and the observed Gal4p peptide (slate). Glu-98 in the K. lactis Gal80p is a serine residue in the S. cerevisiae Gal80p.
however, is that dinucleotides are not required for Gal4p TAD binding as evidenced by our crystal structure.
Taken together, the results described here demonstrate that an archetypal acidic transactivation domain adopts a predominantly helical conformation that is amphipathic in nature. In addition to defining the conformation of the K. lactis Gal4p TAD, our model of the complex suggests that the binding of a dinucleotide to Gal80p, if indeed it is physiologically relevant, need not necessarily preclude the interaction of Gal80p with Gal4p.
